The second author appreciates the Ministry of Higher Education and Scientific Research/IRAQ and Special Research of Ghent University for the financial support during this work.
Introduction
Traditionally, in current transformers for measurement, thin and high permeability ribbons have been used. This is by preference in a ring core shape to avoid a parasitic air gap. Magnetic materials such as Mu-metal can have a permeability up to μr =10 5 or more, but also nanocrystalline has a similar permeability of 10 5 at 100Hz, but keeps it above 10 4 up to 1Mhz rather than 1kHz for Mu-metal [1] . Also ferrite cores can be used, it is mainly interesting at high frequency [2] , as the permeability at low frequency is not so high, for example μr~=2000. Some higher permeability up to 10 4 is observed in ferrite materials for common mode filters (e.g. 3E10 Ferroxcube, T38 TDK). However, for low frequency applications, both a high permeability and high saturation level are required which makes ferrites less suitable for it. At high frequency, the winding "screens" the core, so that it works even if the core permeability is reduced, so materials can be used beyond their normal range in power transformers. To get a well-defined high frequency behavior it is better to make current transducers with a voltage output, rather than just a "current transformer" where the load is rather unknown. There is a delay corresponding to the propagation trough the winding, which is known in the radio transmitter area, it is known in high frequency radio applications with 50 ohm loads [3] . However, if a low impedance shunt load is used, a typical problem at high frequency is that the winding tends to resonate at a frequency corresponding to half of the propagation delay of the winding (the guitar cord effect). At the total delay of a full wave, the signal is highly attenuated. The resonance can be damped with a resistor at a mid-tap of the winding of about half of the characteristic impedance [2] . The fact that a common mode filter has two windings allows a "mid-tap" to be created and used for damping.
Inductor Characterization
Wide band current transducers using common mode filter chokes VAN At low frequency, the magnetizing inductance and the sum of internal load resistance determines the cut off frequency. Today nanocrystalline materials combine a high permeability, a good high frequency characteristic and a high saturation. They are applied with benefit in common mode filters [4] [5] [6] [7] . However, if we look carefully, we see that such devices could also be used as current transformer. The separator between the two windings can be removed so that a reasonable hole is available to insert a primary conductor. The high current common mode filters do have a low number of turns, for example 11 turns were counted for each coil in the Würth Elektronik 7448052303 [8] , see Fig. 1 and table 1. The core is not specified as a "current transformer", but as a common mode filter, so the numbers-ofturns are not guaranteed as such. However, one turn difference would result in some 18% deviation in inductance (quadratic with the number of turns) for the same material; and 9% in resistance, so it is not so likely to occur. Moreover, if both coils do not have the same turn count, the core would easily saturate when a high common mode current is applied. Anyhow, one can count the number of turns (the wires in the hole). The windings are used in series to get more secondary turns as a current transformer. It is good for low frequency to load it with a low impedance resistor, not so much higher than the resistance of the winding. The listed resistance in the data is maximally 9 mΩ in total. To get a "round" transfer characteristic, a load or shunt resistor Rs=22 mΩ can be chosen as a load, 10 in parallel results in a transfer of 1mV/A. The listed "common mode" inductance gets 4 times larger by the fact that the windings are put in series. The predicted lower cut-off frequency 3dB (factor 0. 
Expected High Frequency Performance
Also the coil has an own high frequency performance, which is governed by the propagation of waves in the winding. Fortunately, the manufacturer provides also another useful characteristic, the common and differential mode insertion loss. The differential mode insertion shows a high impedance resonance at 20 MHz, the sharp resonance indicates that the damping could be low. It can be modeled by the impedance of a lossless transmission line, it can be written as function of the half wave resonance frequency fr (20 MHz) and some damping is also introduced.
(1)
The insertion loss of that the impedance in a 50 ohm system is shown in Fig. 4 : This fits the manufacturer data, as the coupling between turns is rather weak, so that the model is close to reality. This match allows finding the characteristic impedance of the distributed L and C, which seems to be about 360 Ω. Fortunately, by the fact the inductor contains two windings, the mid-point can be reached and damped with a resistor, typically a resistor value of half the characteristic impedance (360/2=180 Ω) can be expected. At high frequency, the emf is generated in each turn at the same time or phase. However the turns at more distance from the shunt take more time to travel, this results in a frequency where the contribution is extinguished. This point seems to be beyond 50 MHz. The time Tc seems 1 ns, this is 0.3 m traveling in the air, about the lenth of the wire.
(2)
The phase delay is constant and equals Tc/2. The amplitude of it is the known Sinc function in communication similar to a sample and hold type in D/A conversion [9] .
Fig . 5 shows the effect for the given Tc. It allows a bandwidth of at least 50MHz. In fact, the extinction frequency is a practical limitation of the bandwidth. Anyhow it still allows a bandwidth up to 50 MHz. But this indicates that coils with significantly more turns cannot reach a wide bandwidth. The propagation delay for the current probe seems shorter than a normal voltage probe of 1.5m length.
The current probe has 0.5 m total length. A length difference of 1m could correspond with 5ns difference (the typical propagation in coax wires is 0.2m/ns). It surprised the authors in the practical set-up: the current signal is 5ns earlier than the voltage signal at the input. The short length of the current probe wiring was chosen to avoid mass resonance effects below 50 MHz
Limitation by saturation
If one of the windings of the original choke is fed by a sine wave of 50 Hz, with some impedance, the peak to peak flux linkage is visible as a surface in the voltage time diagram. The saturation is really sharp. The surface in the volt-time diagram was about Ψsatpp = 1.2 mVs, two windings in series double this amount, the peak instead of peak-peak brings it again to Ψsatp = 1.2mVs , for but for 22 turns. At f = 50 Hz, the internal emf voltage is the derivative of the flux linkage. The total resistance of 0.028 ohm determines the current. Hence, the rms saturation current is at the primary is for sine wave: For 50Hz it corresponds to 209A at primary side. At that current the secondary dissipation in the resistors is less than 2W, which can be easily dissipated in 10 SMD resistors of 500mW. The limit current to avoid saturation reduces linearly with frequency, so at 0.5 Hz it will be rather 2.09 A rms when the magnetizing current is neglected, but the magnetizing is close to orthogonal with the resistive "load" current of the shunt. In feedback and protection systems a sufficient margin has to be taken with respect to saturation, to avoid unexpected effects. The core should not saturate, one reason can be a DC current component at the primary side. A DC current saturates the core at flux linkage/inductance. The flux linkage is 1.2mT peak Nt*Ψsatp/L2 = 22*0.0012/0.012= 2.2A. So a DC-current limits the available saturation flux for AC. This problem is common to all AC current transformers. In practice, care has to be taken in applications where current transformers are used in feedback systems, as some parasitic DC current might result in no output, but also a less accurate back-up protection could fill it in.
Limitation by the winding and load resistance
The inductor is specified for 26 A, to cope with this current, a 2.5 mm 2 parallel wire has been soldered to avoid overheating of the PCB, and to limit the additional resistance. A double sided PCB improves spreading the heat of the load resistor. Although enough copper area is provided, the fact that resistors are close to each other, the 0.5W resistors are downsized to 0.4 W rating. The total load is then 4W maximum, limiting the secondary current to 13.5A, corresponding to 297 A primary. In practice, the primary cable of bar will be the bottle neck, as about 100 mm 2 conductor cross section would be required to carry that current. In high frequency, the eddy currents will increase losses, so the tolerated current will be lower, but this also true for the primary conductor.
Limitation by core loss
The core loss in normal use is very little: or the flux is very low at high frequency, or the frequency is low. However some less expected core loss can occur by the return path of the primary wire. The fact that the inductance rises by the proximity of the core, also some flux occurs that may cause iron losses in the core. If a very high current is present close to the side of a core, even a loca saturation may occur. The numerical evaluation of it might be quite difficult, as also flux paths occur perpendicular to the coil.
Limitation by eddy currents
The diameter of the wire of the choke is 2.2mm, hence an equivalent square of 1.95 mm. Except a few turns, the winding is single layer. A simple (overestimated) HF loss is to compare it with the skin depth. At 1300 Hz it corresponds to the thickness, from that frequency the resistance increases with the root of frequency and the current should be lowered with f 0.25 .
(3)
At 50 MHz, the penetration depth is only 10.0 μm, resulting in an allowed current of 3.74 times less current i.e. 68 A. But at that current, the primary could heat to much as well, also by eddy currents.
Resulting limits
The limits of use are shown in Fig. 6 . At very low frequency, the saturation is limiting. At 0.1Hz it is almost the DC value, but below about 0.5Hz it is lower than the cut off frequency. Between about 70 Hz and 200 kHz, the shunt dissipation is limiting. Beyond 200 kHz the losses by skin-effect in the wires become important, so that the current has to be reduced. depending on the application, enough safety margin can be taken, or rather overloaded for very short pulses.
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Practical lay-out
Fig . 6 shows the practical PCB layout prior to soldering; the other layer is a ground plane. Dots remember where SMD resistors should be soldered. A proper screening and insulation is required in practice, even the 10 mm visible center wire of the output coax has been screened as the output voltage is low, it can pick up capacitive. Resistors are in SMD to reduce the inductance and capacitance to ambient.
Measurements
For the current to voltage transfer measurements a 50 ohm sine wave generator HP8116A was used and a RIGOL DS1104B oscilloscope. The generator was loaded with 50 ohm in series with three primary turns, the turns were made in 12 mm foil, to lower the inductance. shunt; together with the 3 primary turns, it results in 30mV/A output reading. An amplitude of 15 Vpeak open output and 100 ohm is 0.15A peak, resulting in a 4.5mV peak reading at the output = 3.18 mV rms. Less output is not reliable. More turns would cause a higher inductance, and less measurements accuracy in HF. The turns result in a parasitic capacitance of 30 pF. It was not practical to screen the wires. It was imperative to keep the coax cables under 0.4m, and common mode ring cores to avoid mass circulating currents due to the connection of the mass of the voltage measurement at the input. So details of the measurement set-up are important. The accuracy above 10 MHz is anyhow slower, in some way the measurement set-up is tested. The transfer is given in Fig. 9 . -Wide frequency AC current and power measurement.
-Current monitoring from low grid frequency, harmonics to the conducted EMC range (…30MHz) -In feedback systems, if it is sure that no saturation occurs, and no DC information is needed. -Short single pulses, if the current pulse is less than 0.8 A.s to avoid saturation.
It can be verified that the angle error at 50Hz is about 0.5°, which is still a good current transformer rating.
Conclusion
A very wide band current transducer has been made starting from a common mode filter choke. A ratio of 3dB frequencies of >10 8 has been attained. The advantage of a wide band probe is to have lower phase shifts, for example in power measurements. The lower frequency amplitude is limited by saturation, the middle frequencies by the shunt losses and the higher frequencies by eddy currents in the winding. The propagation delay is surprisingly short, about 3 ns + the wire propagation. The saturation at low frequency occurs at a low current value, but some applications appreciate also the low phase deviation in a wide frequency range. More output amplitude can be obtained, but it will be at a compromise of a lower HF 3dB range. The tuning is so specific that the user cannot choose the load impedance, so it is a current to voltage transducer and not a current transformer. 
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